Compacted bentonite is to be used as a buffer material between waste canisters and the bedrock in the deep geological disposal of high-level nuclear waste in several countries. In spite of the fact that such large bentonite systems have long equilibration times, estimation of the material properties and performance in repository conditions is often based on short-term, laboratory-scale experiments. Sample-preparation procedures in these experiments may differ from the natural evolution of the bentonite in the repository, however, affecting the bentonite properties. The present study reports the influence on the structure of clay tactoids of four different preparation procedures of water-saturated, compacted MX-80 bentonite samples using four target dry bulk densities. Small-angle X-ray scattering was used to illustrate the differences between the samples. The different treatments of the bentonite samples may lead to different structural features. Clear differences between low-density samples prepared using different procedures were observed. The influence of the preparation methods was less, but still noticeable, for the high-density samples.
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The MX-80 bentonite is considered as a possible material for clay buffers to be used in repositories for spent nuclear fuel, in countries such as Finland (Posiva, 2012; SKB, 2011) . The long life expectancy of the repository, >100,000 y, requires in-depth knowledge and understanding of the materials used in construction. Due to the uncontrollable conditions in real repository systems and to the long times needed for large bentonite systems to equilibrate, many properties of the MX-80 clay are estimated in small-scale laboratory experiments (Van Loon et al., 2003; Schatz et al., 2013) . To obtain representative results from these experiments for the analysis of the whole repository it is important to fully control the experimental conditions and to understand the possible sources of errors and artefacts.
One possible problem in making the predictions needed for performance analysis of full-scale models (including both size and time) based on laboratory experiments, lies in sample preparation, which may bias the experimental results in numerous ways. For different samples in the same experimental series one problem might be the storage time between sample preparation and the measurement. Other problems may also become apparent, e.g. between different laboratory experimental series and, in particular, between different laboratories: the initial water content may vary significantly; saturation may be performed in many different ways; and the order between compaction and saturation may vary, etc.
Previous studies have reported the influence of sample preparation on the quality of the X-ray diffraction (XRD) patterns used for mineralogical analysis (e.g. Jonas & Kuykendall, 1966; Bish & Reynolds, 1989; Hillier, 1999; Kleeberg et al., 2008) . Other authors have described the influence of sample preparation on the clay microstructure: the influence of grinding and impregnation of the samples on scanning electron microscope and X-ray diffraction studies was investigated by Barden & Sides (1971) . The evolution of the microstructure of the clay samples of different densities and with changes in water content with time were analysed by Delage et al. (2006) . The XRD patterns of samples saturated from aqueous phase under confined and non-confined conditions and from the vapour phase under adsorption or desorption conditions were compared by Holmboe et al. (2012) .
Previous studies of the influence of the microstructure on the diffusion parameters have focused mainly on the change of the structure induced by variation of clay density and ionic strength of the solution (Sato et al., 1992; Oscarson, 1994; Muurinen et al., 2004; Van Loon et al., 2007) . Details of sample-preparation techniques were often not discussed.
In a study similar to the present one, Muurinen et al. (2007) investigated the change in the amount of chloride entering the pore space under different methods of sample preparation. Those authors varied the density of the clay material, the duration of saturation and the salinity of the saturating solution. Conclusions about the microstructure of bentonite were drawn based on the modelling of chloride concentrations. In the present study the influence of sample preparation on the structure of clay tactoids was investigated by comparing small-angle X-ray scattering (SAXS) analysis results using different dry bulk densities.
M AT E R I A L S A N D M E T H O D S
Each of the four target dry bulk densities of the watersaturated samples was reached with four compactionwetting-swelling preparation paths. Two of the paths followed the natural evolution of the bentonite repository: the bentonite was compacted first to the installation dry bulk density from powder and then it was allowed to become wet and swell to the lower target density. The effect of the salinity of the wetting solution was studied using either MilliQ water or 0.1 M NaCl saturating fluid solution. One path corresponded to the common sample-preparation procedure in which dry bentonite powder is compacted directly to the target density and is then saturated. The fourth path was unlike the others and the bentonite powder was first compacted to a high density, then it was saturated in confined volume and finally it was allowed to swell to the target density.
Using SAXS data the mean distance between the 2:1 layers in montmorillonite tactoids may be estimated. The different shape and intensity of the peaks imply, on average, different sizes and degrees of organization of the tactoids.
The MX-80 bentonite (obtained from CETCO, UK) was used as received. MX-80 is a Na-Ca-bentonite (62% (Na) and 26% (Ca) of exchangeable sites) with a smectite content of 87 wt.%. Detailed characterization of this material can be found in Kiviranta & Kumpulainen (2011) . The water-saturated samples were investigated at four target dry bulk densities: 0.7, 1.0, 1.3 and 1.5 g/cm 3 . Four different methods of sample preparation were tested ( Fig. 1): (1) air-dried clay was compacted to the target density, if required, and was saturated with Milli-Q water in a confined volume. (2) Air-dried clay was compacted to ∼1.8 g/ cm 3 , saturated with Milli-Q water and was allowed to swell to the target density. (3) Air-dried clay was compacted to ∼1.8 g/cm 3 , saturated with 0.1 M NaCl solution and allowed to swell to the target density. (4) Milli-Q water-saturated clay at 1.6 g/cm 3 dry bulk density was allowed to swell to the target density.
Cylindrical samples (2 cm in diameter, 1 cm high) were placed in stainless steel equilibration cells. Contact with water or salt solution was ensured through sinters confining the bases of the pellets. Samples that required compaction were compacted uniaxially with pressure applied directly to the equilibration cells.
The equilibration time of the samples was between 45 and 55 days. Detailed sample information is presented in Table 1 .
The samples for SAXS measurements were probed using a stainless steel cylindrical cutter 4 mm in diameter and were cut into 0.3 mm slices. Sample preparation was carried out in a chamber with controlled relative humidity of ∼80%. Slices were enclosed in metal rings and were sealed tightly with a thin plastic film to prevent drying. To ensure that drying does not occur during the measurement, closed holders containing the samples were weighed before and after measurements. In addition, 30-min measurements were split into 5 min time blocks to check that XRD patterns did not change with time.
The X-rays were generated using an X-ray tube with Cu-anode (PANalytical, Almelo, the Netherlands). The X-ray beam was collimated and monochromated to Cu-Kα radiation (λ = 1.5406 Å) using a Montelmultilayer mirror. The scattered X-rays were recorded using a Bruker Hi-Star area detector.
The SAXS patterns covered the angles θ corresponding to the scattering vector q = 4πsin(θ/λ) range from 0.065 to 1.1 Å -1
. A silver behenate standard was used to calibrate the q scale (Huang et al., 1993) . The 2D intensity profiles were averaged spherically and corrected for absorption, detector geometry, air scattering and the Lorentz-polarization for randomly oriented powder (Moore & Reynolds, 1997) .
The average basal distance was calculated according to Muurinen et al. (2013) . Briefly, the approach is based on the assumption that the scattering intensity at a given basal distance is proportional to the amount of the tactoids with that basal distance. In this way, the average basal distance does not have to correspond to the position of the peak maximum if the peak is formed by overlapping components. Peaks observed at distances of >35 Å were not included in the calculation of the average basal distance.
R E S U LT S
At the lowest target dry bulk density investigated, 0.7 g/cm 3 , all the scattering curves displayed different features (Fig. 2) . Samples swelling from the dry, compacted state ( preparation procedures 2 and 3 described in the previous section) have very similar peak shapes, but clearly differ in the Porod region, towards smaller scattering angles from the main scattering peak (001) at ∼20 Å. The third sample swelling from dry conditions ( preparation procedure 1) also has a similar peak shape, differing only by a more pronounced decrease of the scattering intensity on the side of wider scattering angles. Compacted samples swelling in contact with water ( procedures 2 and 4) are very similar in the Porod region but have different peak shapes. The sample swelling from the wet compacted state ( procedure 4) has the lowest and the broadest (001) peak of all the samples of this density. All the samples display a very wide peak at ∼0.1-0.17 Å -1 (37-63 Å), in accordance with previous studies (Norrish, 1954; Muurinen, 2009; Segad et al., 2010) .
Clear variations in the scattering curves were also observed at the target dry bulk density of ∼1.0 g/cm 3 (Fig. 3) . All the compacted samples ( procedures 2, 3, 4) have similar shapes in terms of the 001 peak.
Samples G4 and G13 ( procedures 3 and 4) also have a similar Porod region. Similar to the 0.7 g/cm 3 samples, all of the 1.0 g/cm 3 samples have a very broad peak between 0.12 and 0.19 Å -1 , which is less pronounced in the denser samples, however.
All samples with a target dry bulk density of ∼1.3 g/cm 3 have remarkably similar scattering patterns (Fig. 4) . A very broad, low-intensity peak can still be seen at 0.14-0.20 Å -1 and a symmetrical, intense peak is visible at 0.33 Å -1 . The scattering curves of the samples with a target dry bulk density of ∼1.5 g/cm 3 are shown in Fig. 5 . All samples are similar in the Porod region, but differ slightly in the peak region where two overlapping peaks corresponding to 0.34 and 0.39 Å -1 (basal spacing ≈ 18.5 and 16.5 Å, respectively) occur. The sample compacted to the target density ( procedure 1) has the most pronounced peak corresponding to the wider scattering angle, which could be attributed to the difference in dry bulk density -1.56 g/cm 3 compared to 1.51 and 1.50 g/cm 3 for the remaining samples. Swelling of the samples from the dry compacted state ( procedures 2 and 3) yields a more intense peak at 0.39 Å -1 compared to the sample saturated with NaCl solution ( procedure 3).
The change in calculated average basal spacing as a function of dry bulk density is illustrated in Fig. 6 . Only small variations between the samples of similar density are observed in general. The most pronounced FIG. 2. X-ray scattering curves of the samples at 0.7 g/cm 3 dry bulk density. The numbers in the legend correspond to the preparation procedures as marked in Table 1. differences occur for samples at the 0.7 g/cm 3 dry bulk density. The sample saturated with 0.1 M NaCl solution (procedure 3) clearly has a smaller average basal spacing, in agreement with previous work (Svensson & Hansen, 2013) .
D I S C U S S I O N
The sample-preparation procedure will alter the in situ structure of a wet, compacted sample in confined conditions. Upon opening of the saturation cell the sample is not constrained and stress is released by FIG. 3 . X-ray scattering curves of the samples at 1.0 g/cm 3 dry bulk density. The numbers in the legend correspond to the preparation procedures as marked in Table 1. FIG. 4. X-ray scattering curves of the samples at 1.3 g/cm 3 dry bulk density. The numbers in the legend correspond to the preparation procedures as marked in Table 1. limited swelling. Cutting the clay into thin slices is likely to induce shearing effects. The short exposure to the 80% relative humidity atmosphere in the humidity chamber will not be able to prevent completely capillary drying (Cases et al., 1992) , and can only aim to minimize the loss of water. After opening the saturation cells, all the samples in the present study were treated in exactly the same way. This allowed us to compare the influence of the different pathways of clay compaction and saturation on the samples structure.
The low-density samples have pronounced peaks corresponding to larger distances, ∼40-50 Å, which might originate from the structures resulting from an osmotic swelling process. With increase in the sample density, the intensity of the peaks decreased and their maxima were shifted towards smaller distances. The shape of the peaks also varied between the samples prepared with different preparation procedures, but the present study does not provide sufficient evidence to come to any firm conclusions about this relationship.
The splitting of the main diffraction peak for highdensity samples (Fig. 5) into two components corresponds to the transition from the average of three water layers to two water layers in the interlamellar space. However, the 001 peak observed might also consist of a number of components in the case of lower densities (Laird, 2006) . Different treatment of the MX-80 bentonite samples might lead to different structural features which might influence the properties of the bentonite, e.g. in diffusion experiments. The present study has shown clearly the effect of sample preparation on the microstructure (X-ray scattering peak positions) of specimens with dry bulk densities of 0.7, 1.0 and 1.5 g/cm 3 . No significant influence on the samples of dry bulk density 1.3 g/cm 3 was observed, however. Differences appeared again for the samples with dry bulk density of 1.5 g/cm 3 , however. No clear relationship between the sample-preparation procedure used and the observed differences in the scattering curves was observed throughout the investigated density range.
The equilibration time of the samples in this experiment was 45-55 days, whereas Delage et al. (2006) observed structural changes between the samples equilibrating for 10 and 90 days. Further systematic research is necessary to link and characterize the relationships between different preparation procedures and resulting differences in the clay microstructure.
